This study investigates the progressive failure of FRP-confined concrete. Ten FRP-confined concrete specimens were divided into two groups with different jacket stiffness. One specimen in each group was tested until failure while the others were loaded to target strains and then unloaded in order to monitor the residual strength of the concrete cores. At 1% axial strain of FRP-confined concrete, the residual strength of the concrete cores were reduced more than 56% compared to the reference specimens. Experimental results have shown that the maximum usable strain of 1% is un-conservative for FRP-confined concrete. A model is proposed to estimate the residual strength of concrete cores. Predictions from the proposed model fit the experimental results well. In addition, a new procedure is proposed to determine the maximum usable strain of FRP-confined concrete based on the maximum usable strain of unconfined concrete.
Introduction 3
Fibre Reinforced Polymer (FRP) has been commonly used to strengthen existing reinforced 4 concrete (RC) columns in recent years [1] [2] [3] . In such cases, FRP is a confining material for 5 concrete in which the confinement effect leads to increase the strength and ductility of 6 columns. In early experimental studies of FRP retrofitted RC columns, the axial capacities of 7 strengthened columns increased significantly as compared to reference columns. The database 8 collected by Lee and Hegemier [4] showed that FRP-confined concrete cylinders have 9 maximum compressive strain ranging from 0.6% to 4.2% while Teng et al. [5] showed that 10 the maximum compressive strain of specimens varied from 0.8% to 3.7%. Pham and Hadi [6] 11 collected a database of 167 FRP-confined concrete columns where the maximum compressive 12 strain of the columns ranged between 0.5% and 4%. Ilki et al. [7] conducted experiments on 13 FRP-confined circular and rectangular RC columns. Results from this study had shown that 14 the maximum compressive strain of FRP-confined concrete ranged from 1.3% to 8.6%. The 15 maximum compressive strain up to 9.66% was recorded from the experimental study carried 16 out by Dai et al. [8] on RC columns confined with large rupture strain and the maximum 17 compressive strain up to 10.4 % was reached in Ilki et al.'s study [9] on FRP confined low 18 strength concrete members. From the literature, it can be seen that the maximum compressive 19 1 strain of FRP-confined concrete varies in a broad range and no study has shown a maximum 20 usable strain of confined concrete [10] [11] [12] [13] [14] . Meanwhile, ACI-440.2R [15] and The Concrete 21
Society [16] provided maximum usable strain of 1% for FRP-confined concrete to prevent 22 excessive cracking and the resulting loss of concrete integrity. 23
In addition, ACI-440.2R [15] defines the maximum usable strain of unconfined concrete. 24
However, there is no definition for maximum usable strain of confined concrete in ACI-25 440.2R [15] . As mentioned above, experimental studies have shown that the maximum 26 compressive strain of FRP-confined concrete varies in a wide range from 0.5% to 10.4%. 27
However, these studies did not investigate the integrity of the concrete during testing. No 28 study has investigated the precise nature of the progressive failure mechanisms occurring 29 during experimental tests. In other words, a limit of 1% for maximum compressive strain for 30 confined concrete recommended by the two guidelines [15, 16] seems small as compared to 31 the experimental results. Therefore, determining the nature of the progressive failure 32
Instrumentation 91 4
The Denison 5000 KN testing machine was used for testing all the specimens. The columns 92
were capped with high strength plaster at both ends to ensure full contact between the loading 93 heads and the column. Calibration was then performed to ensure that the columns were placed 94 at the center of the testing machine. The tests were conducted as displacement controlled with 95 a rate of 0.5 mm/min. All the strain gages were connected with a data logger and 96 simultaneously saved in a control computer. 97
Furthermore, the longitudinal compressometer as shown in Fig. 3 was used to measure the 98 axial strain of the specimens and then these readings were compared to those from the strain 99 gages. A linear variable differential transformer (LVDT) was mounted on the upper ring and 100 the tip of the LVDT rests on an anvil. The readability, the accuracy, and the repeatability of 101 the LVDT comply with the Australian standard [19] . This LVDT was also connected to the 102 data logger and the readings were saved in the control computer. 103
Testing Scheme 104
The axial stress and strain of the specimens were predicted using the study by Jiang and Teng 105 [20] . Since the maximum strain of the specimens was determined, each specimen was tested 106 to reach the single target axial strain as described in Table 1 . The first specimen in that group 107 was tested until the axial strain reached 0.6% that was the average value between 0.2% and 108 1%. The value of 0.2% was adopted from the widely accepted maximum axial strain of 109 unconfined concrete while the value of 1% was proposed by ACI-440.2R [15] for the 110 maximum usable strain of FRP-confined concrete. The other specimens were tested to a target 111 axial strain that range equally from 1% to the maximum axial strain of the group. After the 112 tested specimens were loaded to the target strains, these specimens were unloaded and 113 unwrapped in order to investigate any cracks which may have developed during the testing. 114
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The concrete cores of these specimens were then tested again under compression load to 115 examine the integrity of the concrete and their residual strengths. 116
Experimental Results 117

Preliminary tests 118
The actual compressive strength of unconfined concrete calculated from three reference 119
Specimens (R-1, R-2, and R-3) was 52.08 MPa. The axial strain of unconfined concrete at the 120 maximum load was 0.24%. CFRP used in this study was 75 mm in width with a unidirectional 121 The axial strain of specimens was measured by both strain gages attached on the surface of 128 concrete and LVDT mounted on the compressometer. Two readings were almost identical at 129 early stages of the testing. However, the strain gages on the concrete failed at a strain about 130 0.6 -0.7%, which may have resulted from the high confining pressure of the jacket. As a 131 result, the experimental axial strains reported in this study are the readings from the LVDT. 132
Failure modes and stress-strain Relation 133
Specimens C2-1.9 and C3-2.4 were tested until fail. These specimens failed by FRP rupture, 134 resulting in loud explosive sounds. The rupture strain of FRP is the average values from three 135 strain gages outside the overlap zone. The other specimens were loaded to the target strains 136 and then their jackets were peeled off to investigate the damage level of the column cores. 137 6 Specimens with high axial strain (C2-1.2, C2-1.4, C3-1.4, and C3-1.7) had wide and long 138 cracks on the cores as shown in Fig. 4 . These cracks were formed vertically and they cut 139 throughout the core from the top to the bottom. These specimens were damaged and could not 140 be used as the section of the cores was significantly reduced. Cores of the remaining 141 specimens were loaded again until failure to examine the residual compressive strength and 142 the results are shown in Table 2 . The residual strength of these specimens was less than 20% 143 as compared to the reference specimens. Meanwhile, specimens with lower axial strain (C2-144 0.6, C2-1.0, C3-0.6, and C3-1.0) had less serious cracks and the cores still kept the cylindrical 145 shape as shown in Fig. 5 . These cracks formed locally and they had small width and short 146 length. The residual strength of these specimens ranged from 40% to 60% as compared to the 147 reference specimens (Table 2) . 148
Residual Strength of the Cores 149
It is obvious that FRP prevents the cores from expanding under the applied loads. At the same 150 value of axial strain, the lateral strain of specimens in Group C3 is lower than that of 151 specimens in Group C2. Thus the residual strength of specimens in Group C3 is expected to 152 be higher than that of the corresponding specimens in Group C2. Fig. 6 shows the residual 153 strengths of Group C2 and Group C3. These experimental results confirm that with a similar 154 axial strain the core of specimens that were wrapped with a thicker jacket will have higher 155 residual strength as compared to the one wrapped with a thinner jacket. Thus it can be seen 156 that the damage level of the cores is due to both the axial strain and the lateral strain, which is 157 controlled by the stiffness of the jacket. 158
From the experimental results presented in Figs. 7-8, it can be seen that the residual strengths 159 of the cores had values very close to the ordinate of the intersection between the unload curve 160 and the unconfined concrete curve. These values are summarized in Table 2 . Thus it is 161 7 assumed that the residual strength of the column cores is equal to the ordinate of the 162 intersection between the unload curve and the unconfined concrete curve. 163
Theoretical Verification 164
Behavior of FRP-confined Concrete under Cyclic Load 165
Theoretical models about behavior of FRP-confined concrete under cyclic loads are studied 166 and summarized to simulate the experimental results [22, 23] . The loading scheme of this 167 study is illustrated in Fig. 9 . FRP-confined concrete specimens were tested to Point a, that has 168 the unloading strain (εun) and the unloading stress (σun), and then unloaded until Point c. Point 169 c is determined by the reloading strain (εre) and the reloading stress (σre) that is equal to zero 170 in this study. When Point c lies on the horizontal axis, the loading strain (εre) is equal to the 171 plastic strain (εpl) (or permanent strain). During the unloading process, the unloading curve 172 intersects the stress-strain curve of unconfined concrete at Point b that has the intersect strain 173 (εin) and the intersect stress (σin). 174
The loading curve in Fig. 9 is the envelop curve in the study by Lam The reloading stiffness Ere presented in the study by Lam and Teng [22] is shown in Fig. 11 . 231
The reloading stiffness is the slope of Line cd that is estimated as follows: 232 
19) 237
It is widely accepted that the confining effect of FRP is ignored as FRP-confined concrete is 238 compressed at a stress level lower than the peak stress of unconfined concrete. Thus it is 239 assumed that the Young's modulus of elasticity of the FRP-confined concrete and the column 240 core is the same. In this study, the specimens were unloaded and the FRP jacket was peeled 241 off before reloading to the peak stress of the column cores. The reloading stiffness of the 242 column cores now is estimated based on the equations above, which are used for reloading 243 FRP-confined concrete. 244
Comparison with Experimental Results 245
The procedure presented above is used to predict the residual strength of a column core. The 246 experimental results and theoretical calculations of specimens in Group C3 are presented in 247 Fig. 12 . The theoretical calculations fit the experimental results well. Thus at a given axial 248 strain of FRP-confined concrete, the residual strength of the column core can be estimated. 249
Maximum Usable Strain 250
The progressive failure mechanisms of FRP-confined concrete are not due to the FRP failing 251 progressively but rather due to the concrete failing progressively [26] . In addition, Priestley et 252 al. [27] recommended that the lateral strain of FRP-confined concrete columns should be 253 limited to the value of 0.4% to prevent the degradation of aggregate interlock action, which is 254 essential to the concrete shear resisting mechanism. Based on the experimental observations 255 and the arguments above, this study recommends that the maximum usable strain of confined 256 concrete should be controlled by the maximum usable strain of the concrete cores. It is worth 257 mentioning that at the maximum usable strain FRP-confined RC concrete specimens must 258 maintain the bond between internal reinforcement and the concrete core and the aggregate 259 interlock. 260
The specimens of Group C3 could resist axial loads until the axial strain of 2.64% was 261 reached. Specimen C3-0.6 was loaded to reach the axial strain at 0.66% and then reloaded. 262
However, the residual strength of this specimen reduced significantly by 42%, which may led 263 to considerable decrease of the bonding between internal reinforcements and concrete as well 264 as the aggregate interlock in RC concrete. This axial strain is much smaller than 1% as 265
proposed by ACI 440.2R [15] . Therefore, the maximum usable strain of FRP-confined 266 concrete should be controlled by the maximum usable strain of the concrete core. 267
However, the maximum usable strain of the concrete core in FRP-confined concrete has not 268 been investigated. The maximum usable strain of unconfined concrete (εlim, u) proposed by 269 ACI 318 [28] was adopted. ACI 318 [28] recommended that the maximum usable strain of 270 unconfined concrete is 0.3%, which is equal to σin in Fig. 9 . Given a stress-strain curve of 271 unconfined concrete, Point b in Fig. 9 can be determined (b (0.3, 50) ). Next, the maximum 272 usable strain at Point a is also determined by iterative processes (a (0.32, 57)) for specimens 273 of Group C3). Fig. 13 describes a flow chart to determine the maximum usable strain of FRP-274 confined concrete (εlim, u). Therefore, the maximum usable strain of FRP-confined concrete 275 (εlim) given the properties of materials can be estimated if the maximum usable strain of 276 unconfined concrete (εlim, u) is proposed. It is necessary to investigate the maximum usable 277 strain of the concrete core in FRP-confined concrete. 278
Conclusions 279
This study investigated the progressive failure of FRP-confined concrete based on the failure 280 of the concrete cores. The residual strengths of the concrete cores were determined 281 13 experimentally and theoretically at many axial strain levels. The findings presented in this 282
paper are summarized as follows: 283
1.
The residual strengths of the concrete cores were reduced more than 56% at the axial 284 strain 1% of FRP-confined concrete. 285 2.
A model was proposed to estimate the residual strength of the concrete cores of a FRP-286 confined concrete column at a certain axial strain. 287 3.
The maximum usable strain of FRP-confined concrete is much smaller than the value of 288 1% proposed by ACI 440-2R [15] . Tables  374   Table 1. Test matrix  375   Table 2 . Residual strength of the tested specimens 376 ε pl (Eq. 5) Figure 13 
